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ABSTRA CT
I

The purpose of this study Is to estimate the capital

costa of an electr ical Trans~~ission and Distribution ~T~~)

system . These costs actually refer to the marginal cost8 of

modifying an existing~~ j~~~:~~em to meet the requirements

of a future planned Total Energy System which would be of a T ~~~~~~~~~ ~~~~

different capacity than that currently in place. The amount /

of equipment required for a giveri (F~D stem configuration

is first determined . Then unit costs are derived and applied /

to the equipment needs, thus generating total )~
‘stem

costs. Marginal costs of the modified T&D~iystem can then

be computed. It is found that marginal T&D~~~~ ts are not

insignificant when analyzing the economics of power genera-

tion, especially In the construction of electric—intensive

Total Energy Systems .
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1. INTRODUCTION

In a utility system, the electrical transmission and

dl8tributlon system delivers electric power from the point of

generation to the point of final consumption . It must have

sufficient capacity to meet the peak demands of the area it

serves and, simultaneously, to satisry local energy demand

patterns within the service area. Transmission and distribu-

tion (T&D) costs contribute significantly to the total coats

of providing electrical service; historically, T&D comprises

between 1/3 and 2/3 of the costs of’ producing and delivering

electricity. Thua, T&D cannot be ignored when analyzing the

econosn.ics of power generation.

The aim of’ this report Is to estimate the capital coats •~
-o

of’ the electrical T&D system which could be used as part of

a Total Energy System (TES).(1) These coats actually refer

to the marginal costs of modifying an existing T&D system

to meet the requirements of’ a future planned Total Energy

System which would be of a different capacity than that

currently In place. The method of analysis is as follows:

1. Determine the unit costs for the T&D equipment . This

can be accomplished with a literature survey. The equip-

ment under consideration Includo~i:

A. Transmission lines , which c~ivry the electric power

from the gen~r:iting statI~ n~ to the load centers of

the demand network ;

1



B. Transmission substations , which reduce the voltage

at which power is transmitted in the distribution

system;

C. Primary Distribution lines, which carry the power to

the local area being served;

D. Distribution substations which further reduce the

voltage at which power is transmitted for local

di str ibution;

E. Line transformers, which bring the distribution power

voltage down to consumer use levels; and

F. Electric energy consumption meters.

Note that the distinction between tranBmisslon substation

equipment and dis t r ibut ion substation equipment Is pri—

mar j~ty one of degree rather than kind .

2. Calculate the cost of install ing a T&D system In a base—

case TES, using current electrical demand data.

3. Calculate the cost of installing a T&D system In a TES

which must meet the requirements of the future demand

with a given mix of thermal and electrical energy supply

for each of the configurations of Interest.

i~, Subtract the base case costs from thos e of the case under

study . This di f fe ren t ia l  cost w i l l  g~ ve the marginal

cost of changing the base case TES T&D system to the TES

configuration under s tu dy .

The details of ther~’ sLeps are developed In the followiru’;

discussion. Chapter 2 pr’ ’~ ents the liternture survey and t~ie

2
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data used In the analysis resulting from that survey . Chap-

ter 3 presents the analyses for an example base case (Fort

Knox currently) and for possible Fort Knox future  TES

scenarios. Finally, Chapter ~1 discusses the results of the

analyses.

2. DATA

In this chapter, the data utilized in the analyses are

compiled . As stated previously, a T&D system is composed of:

A. Transmission lines ,

B. Transmission substations ,

C. Primary di s t r ibut ion lines ,

D. Distribution substations ,

E. Line trans formers , and

F. Meters.

First, one must determine the amount of equipment required

for a given T&D system configuration . Then unit costs must

be derived which, when applied to the equipment needs, will

generate total T&D system costs. Based on this, one can

determine the resulting marginal costs.

Most of the above data Is summarized in the report

Electric Power Transmission ani Transmission Dtn~ rtbutIon

Systems: Costs and Their Afloc~~Jon by M. Baughman and D.

8ottaro .~~
2
~ Briefly, th~ aut~to~ s of this report have accumu-

lated U.S. electric utility cc~~t ci~ita and have perCorined lInea’~

regress±cn analysiii on tb~ s~ iat . i to develop s!mp~~ equations

_ _ _



which relate the amount of equipment In each of the above

categories that would be required In a large scale T&D

system. In a subsequent liter~t t ur~ survey, the uni t  costs

of the above equipment have been obtained by region. Finally,

a similar regression analy.;i: ii:~~ been performed to compute

yearly normalized operation ~ir~ ~ uintenance (O&M) costs. The

data base from which the equatIons are generated is comprised

of Information from privately owned U.S. electric utilities

using their annual statistics from 1965 onwards. Two broad

customer classes are considered . The first Is “small light

and power ,” which consists of’ commercial and residential

customers. The second is “large light and power” which con-

sists of’ Industrial customers who take their electric power

directly from the transmiss:ion system. For further details,

the reader is directed to Ref. (2). Only the results of’ that

report as applicable are used herein.

The input data to the above equations consist of’ the

annual electrical sales to, and the number of users of, each

of the two customer classes. In addition, data regarding

the area and load density of the region served are required.

The input parameters will be derived as used in the analyses

in Chapter 3 in order to pres’:rve clarity .

The equations In Ref. (2) were derived on a regional

basis. As such , there are q’~est ions as to the auplicability

of these results to a relat iiel y ~Ii.7ll , high denSIty area

such as Fort Knox. Conversation~ nith one of 1:h? authors

‘4
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(D . Bottaro) have shown that t.h~ equa t ions  were in fact

derived for a geographical region and that the constants

might not apply to a small high lo~id-density area. However,

the author notes that the margina l costs of electr ic ut ility

systems are approximately i’e~ i~~ :iIi y i ndependent . Thus , the

Baughman—Bottaro equat ions can be utilized in marginal cost

analysis.  As has been sta ted prev iously ,  the specific input

parameters are computed as required in Chapter 3.

3. ANALYSIS

3.1 Input Parameters

The input parameters to the equipment equations consist

of’ combinations of sales data , numbers of users , and service

area sizes. These paramet t:rs are presented In the following

form: the parameter name a.~ used in the equations, its

definition, and the method of de r iva t ion .  The required para-

meter values are obtained for the example of’ Fort Knox, Ky.

CUSRSM is the number of residential and small light and

power customers on the system. There are few, If any , indus-

trial users of’ power on the typIc~i l military base. As such,

all users of’ electricity ar.~ considered small light and

power. For Fort Knox this number (the number of buIldings

as derived from Ref. (I)) Is 11N~~.

AREA is the ~~~~~~~ ri . ; i l I ’ e ~i 1c~ ) of the c~ r~~uulty being

served . From map s h-i Ref .  (I) ,  1 n t ~ v~ 1u.~ Is det~ rn1 ned to

be 19 square miles.

________________ ‘ .4



ESRSM is the iu~~~t i J  Lode of a n n u ~-il  ener~ry sales to the

small light and p - ~~’~ cu s to :r o ( i n  u tt i ts of kilowatt—hours

(KW ~ h r ) ) .  In order i - o  i i : r o t o t t u  the  nccd for th is  parameter ,

a brief  discussion ot ~ the  purpooes of th~ Fort Knox Total

Energy System I:; requir~:i . A Ti~~ is de~~ gned as a power

generation sys tem whic~i will supply all the  energy needs of

a community wi th  b ot h  kierr~al and eLoc tr i c a l  energy . During

the course of’ similar prev ious  :tudies ,~~~~ It was found that

there exis ts  an opt imum t h e r m al— e l e c t r i c a l  mix which would

result in the best economics for the system.  This mix is

defined in terms of a percentage as follows : If the entire

site were to have its spoce c o n d i t i o n i n g  demand supplied by

a high temperature wa ter therma l u t i l i t y  system ( TUS) ,  then

this Is defined as the 100% case.  In other words 100% of the

heating and cooling load is ~;u p p l i c d  by the TUS . Conversely,

the 0% case means that all the space conditioning load is

supplied electrically, with nu TUS . Thus , for example, the

80% case means that 80% of the Fort der ive s it space condi-

tioning load from the TUS, and the remaining 20% Is electri-

cally heated and cooled. Of course , in all cases the non—

space conditioning electric load (e.g., lights , motors, et c . )

must be supplied by thu~ power sLot ~or i . For the Fort Knox

study,  the 0%, 20~~, 14 fl ’ , 6o~ , 8O~Z arid lOfl;~ cases are of

in te res t  as a repreo e ;t ~r i t  ivo op t c u m  f m ’  two types of therr~ia1

u t i l i t y  systems ( T U S )  . ~~~ f i r s t  t yp e  t hat where the ‘2~3

supp l Ies  heat 1n~ I n  n :er or i  r c i ! i~~ hi  summer by u t~ li~~ir~,~

high tempera ture  w~~t~ ’ r ’  t ,o p e ier  hea t ~ e x e I i ~tngers  or ah sorpt Jv e

6



air conditioner~; as i’ uIia~ i . Al l domestic hot water Is

supplied electrically. Thc SLOOIIJ type is that where the

PUS supplies heating and hot  water  only ; all cool ing  is

supplied electrically by c rrpr eo~ ive air con d i t i o n e r s .  The

corresponding T&D cosL are calculated for each TUS thermal—

electrical supply demand ratio and for each type of PUS that

meets that ratio. Note that ~hr~ zero—percent thermal !

electrical load split , I.e. an all—electric c’’nmunity, has

the same configuration for each type of’ TUS. The base case

costs , whi ch is For t  Kn ox as It cur rently exists , Is also

computed .

Now , for each c~ :e, 000110 1 var ia t ions  are studied .

The power s ta t ion  : e q o t r e r i u i~t s  are analyzed for the peak

winter day , peak ~ u :r ic~ e t2y, average winter day, average

summer day , winter-spring day, and spring-summer day . Thus ,

In order to determine the value of’ ESRSM, the annual electri-

cal energy sa les, the larger of the average winter or

average summer day , Is chosen and then multiplied by 365

days per year to produc e the equivalent annual energy ~
-‘

awnptlon. The peak energy demand days are not used since

average annual consumption is required , and over-design

would result from thi’; use.

The r ema in ing  p o : • ~t-ero aoe now given .

CUSLLP Is the i ’ i r h i’ of ir~~e l ight ~i i id  power  cus tomers .

Per the Fort Knox ~~~~~~~~~ in  CUSRSM , l l i i s  va lue  Is zero .

E SLLP Is the a : i n u O  1 en er tm v so I es f’o~’ ~er’t K n o x  to CUSLL .P

This value Is also vee .

~L. 
_____  
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EST is the to ta l  annual enerp~y sales to a l l  u l t imate

customers , which  Is the sum uf’ ESRSM and ESLLP, or in this

case is Jus t  equal to ESRSM , i s  un i t s  of 106 KW~Lr .

LD is the load dens i t y  c. eputed f’ron~ the ratio EST/AREA ,

in uni ts  of’ 106 KW~ t ii ’sq. ml .

CONST is a reg ional  c o r i st o . t , which is set equal to

121186 for Kentucky .

3~~~ 
Sample Equipment Ca lcu la t ions

In order for the reader to understand the computations

and assumptions made , sample calculat ions for the Fort Knox

base case and the 80% TUS case with absorptive air conditioning

are given. The quantitites are calculated for the equipment

requirements; the unit costs are given In Section 3.3; and

the marginal costs are obtained in Section 3.4.

The data for the base case is as follows :

CUSRM = 1499

CUSLLP = 0.0

ESRM 102.73 (10 6 KW~hr )  derived from Ref .  (1)

ESLLP = 0.0

EST = ESBSM + ESLLP 102.73 (106 KW~hr)

AREA = 19 (square miles)

LD EST/AHEA 5.~PL (10 6 KW .~~r /sq .  m l . )

CONST = 12486

B 
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The equipment requirements are as follows :

A. TRANSMISSION LiNbS . For the  base cas e it Is assumed

that transmission l ine costs  are se so , since for any new PUS

new transmission lines will have to be constructed. Thus,

the margina l cost will include t~ nds for building new trans-

mission lines.

B. TRANSMISSI0J~ SUBSTATION cAPAcrTy . This quantity is

measured in terms of Kilovolt-amperes (KVA) capacity In place.

The regression formula is

TSUB 674700 + ESRSM *7 12. 5 + ESLLP*523.2

Using the Fort Knox data , the value of TSUB Is obtained as

4 7.48x105 KVA .

C. PRIMARY DISTRIBUTION LINES . This quantity is measured

In units of pole—m iles, sinc e the principal portion of’ Invest-

ment In primary distribution systems Is In the structures

and easements. The formula for this cost factor , labeled

“POLE” is:

POLE = CONST + ESRSM*0.9102 - LD1134306.

For Fort Knox, this cost is seen to be —8.6x105 POLE, reflecting

the Inappropriate application of a low—demand density car—

relation to a high  dem and - .de r io l t y  s i t ua t i on .

Thus, another  method of d e t e r m i n i ng the equipment re-

‘ 
quirement of t.h~ pr i mary  d i s t r i b u t ion l ines Is r equired . One

can assume that the primary Ii. : •a~~tion lines run In the

same configuration as th u thermal utility system (T US) piping

9



layout;  thus the lert ’;ths of t h e  TPi pioss can he used as

a parameter to measure the requ i red  number of poles .  The

Fort Knox TUS c o r i t a l i t u  l . 5 8x l 0 5 fee t of p ip ing .  Now b~’

assuming that  the p o I e — ~ are 150 feet~ apart and d1vId1:p~, the

to ta l  length of distribution l ine s ( i . e .  p ip ing)  by the

150 f t  pole In te rval , a va lue  of 1013 6 p o l e— m i l e s  is found .

Note that  the  Fort Knox d i s tr f b u t i o n  sys tem is c urrently

in existence and the equipment needed to upgrade the distri-

bution system will consist of a few power transmission cables,

the costs of which are small. Since the primary distribution

requirement of’ 1056 poles will appear in all cases under

analysis, Including the base case , the marginal cost of’ up-

grading the primary dIstribution system will be zero, as

expected. Thus, the true value of the required distribution

equipment Is not important in this marginal analysis.

D. DISTRIBUTION SUBSTATION CAPACITY . This quantity Is

measured in terms of KVA capacity in place. The equation

for this factor, labelled “DSUB,” is:

DSUB = ESRSM*485.4 + AREA*9.46.

Thus, the required capacity for Fort Knox is computed to be

5.0x104 KVA .

E. LINE TRAnd:’ u H I i i : P ~3 . This q u a n ti t y  also is measured

In KVA capacity in pLn’e. T: formula is

LT = ESR SM~ 56R . 2 + I;dIJ,T’* 102.5 + AddA~ 5 .15

whi ch gives 1,T ~ .R ’ ) x 1 0~ KV~ b e l i e :  r~~m~ red for Fort ~n ox .

10



F . N E T EH~ . Cu a n t  L y , at t ’o i ’ t  K ioex i n c ia :  ar e no m dlvi-

dual residential elect a l ( ’ u 1 
~~~~~~~~ anu i t  i s  as sume d that

there w i l l  be ii n~ in t h e  f usi a

The 8o~ TUS cu~ ~~~~ Lh a bs~ t’ptivt ai r c eli tioning is

now e x a m i n e d .  Th~ data ‘rallies are Os I, ; I c;’/s: 
-

CU SRSM = 1499

CUSLLP = 0 . 0

ESRSM = l76.~~3 ( 10 6 
~~~~~~

ESLLP = 0 .0

EST ESRS!~ + ~SI,LP 176 .23  (106 KW .hr )

AREA = 19 (sq . m l . )

LD = EST/AREA 9.~~8 (10 6 KW .hr /sq .  m i . )

CONST = 124 86.

The equipment r e qu i r e m e n ts  are computed as in the pre-

ceding example except  as n t eo .

A. TRANSMISSION LINES.  Ac tua l  data are used here

rather than those of the s ta ted  formula . It is assumed that

the transmission 1i~~es w ij i  he laid para l le l  to the primary

PUS supply pipe from the power generat ion s tat ion to the

Fort Knox community . This distance is 3.03 miles. Thus the

requirement for transmission lines as measured In structure

miles (analagous to pole—m iles of the distr’!bution system)

is 3.03. This qus ritil v lees net ch~inge for each of the

cases.

B. TR A N ‘IT J f l~ d t l l : ’I A T I ON d l ’ACITY . U s i n g  the case

data and the pr ev t  ~~~~~ nat al eqaatle’i for “ at . Knox ,

- ‘ 
~~~~~~~~~~~~~~~~~~ II
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TSUB Is computed to be 8.ooxio 5 KVA .

C. PRIMARY DISTRIBUTION LINES . This quantity is con—

atant for all cases and is equal to 1056 pole—miles, as

discussed previously.

D. DISTRIBUTION SUBSTATION CAPACITY . For Fort Knox,

this quantity is calculated to be 8.572x].04 KVA .

E. LINE TRANSFORMERS. For Fort Knox, this quantity is

calculated to be l.0023x105 KVA .

F. METERS . This value Is zero for all cases, as ex-

plained in the previous discussion.

Tables 1 and 2 list all the equipment requirements as

calculated.

3~3 Unit Equipment Costs

The costs of various Transmission and Distribution equip—

ment items are complicated functions of’ equipment ratings,

type of installation, and geographic regi-on of the country.

This complexity is further compounded by the diversity of

equipment constructions, voltage levels, mounting possibilities,

and phase characteristics. Reliable co8t data are available

for transmission lines, both above and below ground, but sub-

station and distribution costs are not easily obtained. Con—

versatlons regarding these topics with representatives of

the Boston Edison Company bore little fruit. It is for

these reasons that this report again turns to the Baughman

and Bottaro paper for the uni t ~quipment costs. These authors



- -

performed a literature survey and developed equipment cost

values which are compatible with the units of the equipment

requirements. Table 3 lIsts these costs with the following

modifications :

A. All costs listed are inflated to 1985 dollars using

an 8% annual rate.

B. The costs stated In the original source vary region-

ally; as such, the data reflect those values applicable to

Kentucky only.

C . The cost of transmission lines are obtained from

Ref. (3) and are stated exclusive of land costs.

3 .4 Marginal Equipment Costs

The capital and marginal equipment costs are now calcu—

lated. The capital cost Is calculated by the expression

C =

where

C is the capital cost of the Transmission and Distribu—

tion system for a given thermal/electrical load split

case;

Is the equipment requirement for’ the 1th item (e.g.

line transformers); ani

U1 is the unit cost of the equipment item .

The marginal cost is computni as

M = C C pa 
-

13



where

M is the marginal cost for updrading the present (base)

Transmission and Distribution system to the desired

percent case- ,

C is defined above , and

CBaSe is the can~~t~il cost  of the base Transmission and

DistrIbution system (i.e. Fort Knox as it exists

today , If It were to be built In 1985).

Tables LI and 5 lIst the results of’ the above calculations.

LI. SUMMARY

Tables LI and 5 list the results of this report. The

following points should be noted:

A. 
‘ 

The base case data do not include transmission lines.

All other cases under study do include transmission lines,

since they will have to be constructed ;

B. All of Fort Knox is considered to consIst of’ small

light and power users;

C. The data were obtained from Ref. (1) except as

noted; and

D. No residential meter costs are Inc luded in any of

the analyses.

It is seen t h’d. ~.he ma r’1 ’~i n i l  easta t’ upgrading the Fort

Knox Transmission ~n~1 1)1st r’lh i d i - t  .;j s t . .r are not Insignifi-

cant in construc t 
~ r~~; ~lec~ r 1 - - 1 ’ s ~ v~ TES.

114 ‘ 

‘ 

I
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I

TRAN SMISSION AND Dl dTR I BUTI ON EQUIPM EN T RE QUIRE-

MENT S FOR FORT KN OX ~UdoHPTlVE AIR COUDITIONING ,

ELECTRIC HOT W A T ~ H TUS

~~~~~CASE BASE 100% 80% 60% 140 % 20 % 0%

EQUIPMEN i~~~~~~~~ 

_____  _____  _____  ______  _____  _____  ______

TransmissIon 0 3 .03 3 .03  3.03 3 .03 3.03 3.03

TransmIssion Sub-
station Capa— 7.48 7.68 8.00 8.28 8.77 9.09 9.56
city (KVAx1OS)

DistributIon
Line (pole— 1056 1056 1056 1056 1056 1056 1056
miles) -

Distribution Sub-
station Capa— 5.00 6.38 8.57 10.145 13.77 15.96 19.15
city (KVAx1O 14)

Line Transformer
CapacIty 5.85 7.46 10.02 12.22 16.10 18.67 22.41
(KVAX1O4)

Number of Meters 0 0 0 0 0 0 0
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TABLE 2

TRANSMISSION AND DISTRIBUTION EQUIPMENT REQUIRE-

MENTS FOR FORT KNOX COl-IPRESSIVE AIR CONDITIONING,

TUS SUPPLTi~i HOT WATER TUS

CASE BASE 100% 80% 60% 140% 20% 0%

EQUI

TransmissIon 0 3.03 3.03 - 3.03 3.03 3.03 3.03

Transmission Sub
station Capa— 7.148 8.16 8.22 8.26 8.70 9.05 9.56
city ( KVAx 1OS)

Distribution
Line (pole— 1056 1056 1056 1056 1056 1056 1056
miles)

Distribution Sub-
station Capa— 5.00 9.67 10.02 10.31 13.33 15.68 19.15
city (KVAx1O 4)

Line Transformer
CapacIty 5.85 11.31 11.72 12.05 15.59 18.31$ 22.1$1
(~VAx]~O~ )

Nu~~er of Meters 0 0 0 0 0 0 0

1-
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‘ 

. . ..
—



TABLE 3

TRAN SMI SSION AND DI STRIB UTI ON EQUI PMENT

UNIT COSTS

ITEM UNIT COST

Transmission Lines 1.295 106 $/mile

Transmission Substation 13.09 $/KVA

Primary Distribution Lines 4.029 l0~ $/pole—mIle

Distribution Substation 26.18 $/KVA

Line Transformers 39.27 $/KVA

Residential Meters 25.00 $/meter

_  
__



TAB~E 14

TRANSMISSION AND DISTRIBUTION COSTS SUMMARY ,

FORT KNOX , ABSORPTIVE AIR CONDITI ONIN G , ELECTRI C

HOT WATER TUS

CAPITAL COST MARGINAL COSTCASE (mil l ions  of dol1ars)’~ (millions of’ dollars)5

BASE 55.914 ——

100% 61.12 5.18

80% 63.12 7.18

60% 614.84 8.90

140% 67.88 11.911

20% 69.88 13 .9 14

0% 72.80 16.86

5A11 costs stated in 1985 dollars
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T AHIt ; ~

TRAN SMISSION AND [)ISTRT ~ IT.! ON COSTS SUMMARY ,

FORT KNOX , COMPHEssr;~: ~~R CONDITIONING ,

TUS SUPPLI ED ~ WATER TUS 
-

CAPITAL COSTS MARGINAL COSTSCASE (millions of dollars)’ (millions of dollars)’

BASE 55 .9 14 ——

100% 64.12 8.18

80% 614 .146 8.52

60% 614.71 8.77

110% 67 . 147 11.53

20% 69.62 13.68

0% 72.80 16.86

‘all costs stated In 1985 dollars

19
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